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B y ou t li ni~ g the role of CONDITION MONITORING in Maintenance 

Man a gement s trategies,and the numerous advantages attainable, 

thi s t h S IS c r eates a basis for further research into the 

apolica.b llit'/ of eOtiOITION i"IONITORING to South African Industry. 

M i t enance o p erations can be split into three basic categories. 

These are Co r rective (breakdown), Preventive (regular) and 

Pr edictIve (condition based) Maintenance strategies. Nowadays 

cor r cti v maintenance is often no longer a viable approach due to 

t he di s d vantages associated with catastrophic failure. Usually 

machine s are attended to and attempts made to avoid breakdowns by 

periodic maintenance. This is not an ideal solution since 

une~: pected f ai 1 ures wi lIst iII occur. Oft en i nterf eri ng wi th a 

smouthly running machine can have an adverse effect on the 

machine ' s performance. Predictive maintenance, on the other hand 

all c·ws mach i nes to be run "the 1 ast mi 1 e" by on 1 y repai ring them 

when and where faults are detected, or at a convenient time. 

Thus a con dition-based maintenance system will reduce the number 

and severity of failures and hence costs. Reduced downtime, 

smaller maintenance teams, increased production and lower 

i nSI wancr~ costs all combi ne to make such systems e>:tremel y 

attr ~ctive. Cond ition monitoring is also essential where increased 

producti o n requirements lead to faster machine speeds making 

downtime costly and failures dangerous to personnel. Unfortunately 

the cost of eM equipment is in direct proportion to the amount of 

war~ing required. However, the benefits far outweigh the costs, 

and predictive maintenance systems can be expected to recover 

their costs within two years. 

Cend it i o n mon i tor i ng can be sp 1 it into three mai n categor i es, 

fl<'" nei y Wear- Debt- is Moni tor i ng (L.JDM), Component and System 

D~~formance Monitoring (CSPM), and Vibration Monitoring (VM). WDM 

j udoes machine c ondition by inspecting machine fluids for 

dep,~, s iteC1 debris, sLispended debris and oil condition. The nature 

of the d eb ris gives an indication of the source and cause of 

C~PM i o ks at th e general operating characteristics of machines 
n d s ys t pms . Any faults will show up in the output of the system 
as a d e c r_ As ed e fficiency or f a ulty products. eg A blocked 
p r ~ u re ~eli ef valve wo uld b e indicated by a build-up in 
(v) 
t emperatu~e and pressure. These two techniques are fairly 
sl~- c,.i ght+ori..;aTd and have been in use for a \-"hile. 
Vi brati on ~!onito~ing , on the other hand, has been the subject of 
mu ch ~esea~_ : and development in the last decade. By analysing the 
vibrati o n oatterns from machines, faults can be detected, 
pi np in d , and diagnosed before failure occurs. Areas that have 
r ec ieved attention are the technology involved, diagnostic 
t e chniques, and the application of these techniques to practical 
ma intenance activities. 
VM has man y applications, since it can be used on virtually any 
moving machinery. One of the major problems associated with VM is 
that the measured signal is invariably corrupted with noise from 
other machines and components. Hence a lot of work is beeing done 
on improving the Signal to Noise Ratio (SNR) in vibration 
signatures. SNR techniques such as Signal Averaging, Adaptive 
Noise Cancelling, Filtering, Resonance techniques and Cepstrum 
Analysis have been successfully used in many applications. 
Cepstrum Analysis is a specialised method of analysing vibration 
spectra by detecting harmonic components. It can be used to detect 
and diagnose faults in a wide variety of rotating machinery. 
The e lementary tool of the Predictive Maintenance Engineer is the 
vibration spectrum, which gives the frequency content of vibration 
fCignals. It can be used on its own in simple systems, or in 
conjunction with other signal analysis techniques. Fault diagnosis 
can be based on a time signal, Vibration Level Standards or 
statistical data analysis techniques. Some of these methods are 
more effective than others, but they all nave some value since 
different faults are hihglighted in different ways. Often it will 
require two o~ more methods to cover all types of failure patterns 
on a particular machine. 
When setting up for Condition Monitoring various consideration 
need to be made such as machine selection, monitoring methods, an 
i ntroductorv o r ogramme and level of automation. Because of the 
1ar9 v olume n f data and the complex diagnostic techniques 
I nvol v ed, c o mp uters play an imoortant role in Predictive 
Ma lntpn ance systems. With the increasing complexity, cost and 
a vailability o f plant machinery in South Africa, Condition 
l"!onitD,inn is d o stined to become an essential part of Maintenance 
1-,n af,J eme n t chni ques. 
(v i ) 
GLOSSARY 
B?)ND--P{')SS F:IL.TET~ """" <'::I w.::\vf.~ -fi.lter t.hat. tla~::; a ~'iingIE~ 
transmission band between two cutoff frequencies. 
FClURIEF~ TR{')N~:;FUF~i"1 pel'-iodic. functions may be /'"I;~pr- e5E'nt(;>d by 
a Fourier series which consists of a sum of sine waves whose 
f ,.."equenc i es c~I' " e all mul tip]. p~.:; 0+ t.he f und.=:.\mental f n'~quency. 
FAST F(]UHIEf;: Tf~AN~;Fm~:i'l (FF"T) "-- d c:omputc~r algorithm for 
calculating di~"iC:"'"PE't. fnur""ip,,"" t,'";:ul!o;fo,.."mc-:; -fr"of1l diqitised time 
signals. 
HARMONIC - a sinusoidal quantity having a frequency that is 
an integral multiple of of t.he frequency of a periodic 
quantity to which it is related. 
MODULATION -- thf? variation in thc? valt.H? 0+ some par-ameter 
w h i c h c: h c:\ Y- act. f? r- i Sf: Si <';\ P F~ "" :i" 0 d i c: U!c.> c: ill at inn ( e q. +r "" (':' que n c y) • 
NOISE - any unwanted disturbance within a useful frequency 
band. 
PClWER SPECTF~AL DENE; I TY ."" t.hE' 1 i mi"tt nq mec:m \=.;quar "e val ue of 
some parameter of a signal per unit bandwidth. 
ROOT MEAN SQUARE (RMS) - the square root. of t.he time average 
of the square of the function 
SHClCK PULSE - a subst.antial disturbance characterised by a 
rise of acceleration from and a decay back to a constant 
value in a short period of time. 
SPECTRUM the definition of the magnitude of the frequency 
components that make up a siqnal. 
TRANSDUCER - a device that converts shock or vibratory motion 
into a signal that is proportional to the magnitude of the 
motion. 
(v i :i ) 
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There are three basi c maIntenance strategies which 
can be app lied to a typ i ca I eng i neer i ng p I ant. These 
are Brea k dow n . Pre v e n t i v can d ~) r l" d i c L i v e m a i n ten a n c e 
systems'. Unti 1 recent.ly brflakduwn and regular 
preventive maintenan c e syst e ms have been used most 
often. but they are steadi Iy bein g pha s fld out by 
condition based maintenanc e . Not that they will ever 
be discarded completely . sinc e each has a place in 
industry. There are how e ver. distinct advantag e s in 
using predictive maintenanc e te c hniques. The 
de c ision to shut down a plant is an onerous one. and 
mistakes can be costly. but the costs or ignoring the 
signs can be much higher . 
A maintenance system that can accurately monitor the 
condition of equipment can cut c o s t s and increase 
productivity by taking the gU fl sswork out of shut-down 
deciSions . The number and severi ty of fai lures can 
be reduced. with corresponding fflductions in 
downtime. insurance costs and spares. Problems that 
are not ser i ous can be schedu I e s ror repa i r dur i ng 
routine shut-down periods. Condi tion based 
maintenance is ideal for component s that fai 
progressively rather than suddenl y. This appl ie s to 
most mechanical eqUipment. and sin c e fai lures do not 
occur at regular intervals. condition based 
rna i ntenance is inherent I y more log i ca I than regu I ar 
maintenance. which is more suited to c omponents that 
fail suddenly. 
Cond it ion mon i tor i ng techn i ques can be sp lit into 
three main categories: 
1. Wear Debris Monitoring 
2. Component and System Perform a nce Monitoring 
3. Vibration Monitoring 
All of these are suited to one ilpplication or 
another. There have been major development s . in 
v i brat ion mon i tor i liP.' in part i cu I ar. in the techno logy 
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and in the matching of the measurement techniques to 
the needs of practical maintenanGe activities. One 
of the reasons for this is the wide range of machines 
and faults that are suitable i'or the application of 
vibration analysis. It can be used to detect 
malfunctioning valves in compressors. damaged 
bear i ngs, fau I ty gears and m i sa Ii gned disk coup lings, 
to name a few. 
The objectives of this thesis are to explain what 
vibration monitoring enLai Is and how it can be used 
to detect and diagnose faulty GomponenLs, and to show 




2. INTRODUCTION TO MAINTENANCE TE.GHNIQUES 

E f f e c t i vern a i n ten a nee 0 f a p I ant all d its e qui pm en tis 
a pre-requisite to efficient plant operation and 
uninterrupted production. Traditional machinery 
rna i ntenance pract i ce in industry can broad I y be 
categorised into three categories: Corrective, 
Preventive and Predictive or On-Condition 
Maintenance. 
Corrective Maintenance has been defined as that which 
is carried out when equipment fails 01' falls below an 
acceptable condition during operation. It is applic­
able in industries running many inexpensive machines 
and having each important process dupl icated. Here 
machines are repaired as and when they break down. 
Loss of production and costs incurred wi I I not be 
significant. CIS spare machines can usuCllly take over 
while the fault is repaired. ln this situation the 
machines are relatively simple and breakdowns easy to 
repair. Consequently there is usually no economic or 
safety advantage in knowing when breakdowns wi I 
occur or in trying to prevent their occurrence. 
However. in some i ndustr i es it is not poss i b I e to 
provide back-up machines. In such cases it is 
essential to minimise fai lures since breakdowns are 
expensive in direct repair costs and consequential 
lost production. Malfunctions need not be in the 
form of breakdowns to be expensive: with the high 
produc t i on rates common t.oday a change in cond it ions 
can result in a huge number of defective products in 
a very short period. Consequently Preventive and 
Predictive maintenance play an important role in 
efficient plant operation. 
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Where important machines are not fully dupl icated or 
where unscheduled production stops can result in 
I a r gel 0 sse s, p I ann e d m a i n ten a II r: f ) 0 per a t ion s are 
often performed at regular intervals. Here a defini te 
programme of periodiC cleaning, servicing, 
inspection, and replacement of worn parts is 
followed. This in itself i s not an ideal system, 
since unexpected fa i I ures wi II s L i II occur. Another 
factor is that the fa i lure rate of many mach i nes is 
not improved by replacing parts regularly . On the 
contrary, the rei iabi I i ty of" llewly serviced machines 
if often reduced by human interference. loJh e n a 
fai lure does occur, the cau s e is usually investigated 
and stat i st i ca I records kept to i nd i cate changes in 
pattern of failure and analysed to provide a basis 
for modification to the maintenance program. 
Preventive Maintenan c e theory suggests that if enough 
information is available it \.,Jould reveal what the 
effective working if e of the particular component 
was, For Simple items of equipment this theory holds 
true, thus the compon e nt can be replaced sh6rtly 
before it is destined to fai I. 
However, in the cas e of complex equipment, research 
has revealed six different patterns of failure which 
predict the probabi I ity of a machine fai I ing and are 
summarized in Figure 2.1 overleaf 2 The basic• 
difference between the failure patterns of complex 
and simple items has important impl icat i ons for 
maintenance management. The first and mo s t impor·tant 
point to emerge from thi s i s Lhat. in mo s L indu s trie s 
the concept of" regular schr-duled ()vl~rhalJl s of complex 
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Secondly, the relatively large number or complex 
items which rai I on a random basis has led to a move 
away rrom trying to establish rixed time intervals at 
w h i c h s c h e d u led r e w 0 r k. 0 r rep I ace m(! n tor com p 0 n e n t s 
should be carried out . Instead there is an 
increasing trend towards inspe c tion procedures 
designed to establ ish when and where rai lures are 
initiated. Nowadays a great deal or time is being 
devoted to rinding potential rai lure condi tions which 
give as much warning as possible or runctional 
rai lures. Obviously the murc warning there is or a 
runctional railure. the more Limfl Lhern i s to rectiry 
it at a convenient time. 
The techniques designed to detect the existence or 
potential failures arc k.nown generally as condition 
Monitoring techniques. Some or these techniqufls can 
give several months warning or rai lure. Unrortu­
nately the cost or the systflm usually increases in 
direct proportion to t~e amount or warning required. 
The most important or these techniques are vibration 
analysis and oi I analysis sin c e most machines have 
moving parts that generate vibration as well as parts 
with relative motion in contllct wiLh another, genera-
t i ng wear debr is. There is a I so cons i derab I e scope 
in component and system perrormance monitoring, by 
using e x isting control insLrumentation ror monitoring 
runctions or machines and components. Here the 
components and systems are monitored ror overal I 
perrormance to detect raults . 
It is generally desirable. where possible, to use two 
mon i tor i ng me thods s i mil I taneous I y to mon i tor any 
critical machine . This improves the certainty in 
de t e c tin g the ex i s ten ceo rap 0 t e n t i a I r a u It . l'w 0 
methods a~e also used to prevent raise alarms due to 
measuring equipment malrunction or raise 
i n t e r p r el a t ion 0 r i n r 0 r mat ion. 
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3. CQNDITION MONITORING - GENERAL 
3.1 General Aspects of Condition Monitoring 
The basic principle of' condition monitoring is to 
select a suitable measurement. or measurements. 
which are sensitive to component deterioration. 
Regular readings of these measuremnnts wi I I then 
pOint out any deviation or trnnd that would indicate 
the existence of a problem. By carefully Rxtra­
pol a tin g the t r end cur v e. ani 11 d I (; a t. ion 0 f the tim e 
to fa i I u r e. 0 r I e a d LiTO e c a fl b I~ () b L :j Inc d . 
Ma i n ten a n c e can the n b esc h (~ d lJ I P. d f () r i:l con v P. fl i e n t 
date. 
It is important to determine the minimum time to 
failure of a component with respect to the level of 
measured parameter. For this to be successful. the 
period between measurements must be less than the 
minimum time for a parameter to reach a dangerous 
level . During its ear'ly Ide period. i.l machine 
should be carefully monitored since probabi I ity of 
failure is high initially. decaying as the machine is 
run in. The time between measurements may be 
increased once the trend curve stabi I i~es. and later 
decreased when ' a def in i Le de ter i orat ion in mach i ne 
condiLion is detected or warning levels are reached. 
The maintenance engineer could then schedule the 
repair work for a convenient Lime. or he could delay 
it to coincide with planned dowTl,- tirne if conditions 
per'mit. 
An important feature of condition monitoring is that 
the monitored activity operaLes ~t two levels: 
1) The detection of potential problems (diagnosiS) 
2) The determination of the oxacL nature of the 
problem (prognosis) 
8 
The first aspect can be dealt with by reliable 
routine work at a relatively IO~1 level. or could even 
be handled automatically. The second aspect is a 
ski lied professional operalion requiring considerable 
experience and a delai led knowledge of the machine 
construct i on 3 • 
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3.2 	 Ci rcumstances Affect i ng the App I i cat i on of Cond i t i on 
Monitoring 
There are also variolls operational circumstances in a 
company which may tend Lo favour or go against the 
application of condilion monitoring . These are 
summed 	 up below' . 
Sit u a t i ..illl _____ 
I 	. Where a safety risk PI ant hand ling 
is likely to arise from dangerous materials. 
the breakdown of machinery . and machines involv­
ing the transport 
and safety of people. 
2. 	 Where accurate and advanced Remotely situated 
planning of maintenance is equipment. and mobile 
essential. ( 0 u L 0 f bas c ) 
()quipment. 
---- ---- - - -.- --- - ­
3. 	 Where plant or equipment Condition monitoring 
is of recent design and Hflab I es fau I ts to be 
may have res i dua I prob I ems detected early whi Ie 
damage is still 
sl ighl. and so can 
guide design 
improvements. 
--------- ..--- -- - - -- - ..------- -- ­
10 

Sit u a tL-'-'o--'-n-'---___ ._ ___ '--'-Ap~ I i cat i--"o"--'n-'--__ 
4. 	 Where operators cannot be Condition monitoring 
expected to d[~tecL faull:s enables faul ts to be 
in expensive equipment detected early enough 
where breakdowns are costly. to prevent damage by 
wi thdrawa I and/or 
repair of the 
Hquipment. 
5. 	 Where the manufacturer CQn The cost Lo nach user 
offer a condition monitor ­ c~n be reduced. and 
ing service to several users the manufacturer gets 
of his equipment. useful feedback to 
guide design and 
deve I opment. 
6 . 	 Where equipment or Uther appl ications of 
instruments required for the instruments or 
condition monitoring is equipment may be 
a I ready be i ng used for process control or 
another purpose. some servicing 
activity such as 
rotor balancing. 
----_... _ - --_ . 
7. 	 Where important equipment In some processes it 
is used that is not is not possible or 
dup Ii cated. noL viable to 






Sit u a LL9Jl. _____.___ ____ 
Where an industry is 
operating at a 10\.,1 level 
of activity and plant and 
machinery is idle or 
duplicatfld. 
Where the number of machines 
is too small to enable 
sufficient experienr:e to be 
gained for effective inter­
pretat ion of information. 
____b_2.pJ i cat i o-"n'--­__ 
If the plant is only 
operating part of the 





The prob I em may be 
overcome by poo ling 
monitoring services 
with other companies 
or by contracting the 
monitoring work out 
to external services 
3. Where ski I led operators 
have close physical contacL 
with their machines and can 
do their Ol-Jn monitoring. 
Machine tools and 
ships are examples 
where ski I led techni­
c i ans "understand" 
their machines. Any 
trend towards the use 
of supervisory engin­
eers favours the app­




Si tuat i on 
4. Where machinery is mobile In such a situation 
and special ist overhaul is r.nndit.ion monitoring 
done at central depots by cou I d be used to 




is not worthwhile 
unless improved 
mach i ne dus i gn and 
performance is 
ach i Clved in the long 
run. 
On-condition maintenance based on vibraLion monitoring 
can be employed successfully by achieving substantial 
savings owing to higher Bvai labi I i ty of production 
machinery and the corrosponding increase in 
productivity. The benefits which arise from condition 
monitoring are summed up in the following tablet . 
13 

Benefits derived frum plant llow these benef i ts 
con d i t ion m0 nit 0 U_llg.. __.__.____._ ___.. . u r~...s_L__._______..._ ___ 
1 . Increased plant avai la -­ - Machine Running 
bility and productivity 	 time is increased 
by ma x i mi s i.n g tim e 
between overhauls. 
- Virtual elimination 
of unexpected 
breakdowns. 
Overhaul Lime is 
reduced since the 
nl.lture of the 
problem is known. 
and the spares and 
men can be ready. 
--_.__ ._ .. _------- ­
2. Reduced Maintenance Costs - EliminatJon of 
secondary damage. 
- No scrapping of 
serviceable 
components 
- Cost of storing 
fewer replacement 
parts is decreased. 
-	 Smal lar maintenance 
crew requ ired. 
--- ------------------ - - ------- - - - - --- - - - - -
1 4 

Benefits derived from plant How these benefits 
_ _~_~_·,---_con d i LLQJ}___Ln~t 0 rj~_ 	 __ ~Tj · ______ 
3. 	 Improved operatur and - The lead time to 
passenger 	 safeLY fai lure means that 
potent i al b r eak­
downs can be 
averted . 
4 . 	 More efficient plant opc-:r ­ - Reduction of spare 
at i on and more cons i stent part sto c k by fore­
quality obtained by matching warning. 
the rate of output to the Operat i ng cond i ­
plant condition. t ion s may be varied 
to obtain a better 
compromise between 
output d nd opera­
ting life to th e 
next overh a u I. 
5. More effectiv e negotiations - Measurements of 
wit h e qui p m n n t man u f a c t u (' e r s equipment when new 
and after overhaul 
give good compara­
tive values. 
6. 	 Better customer relations by - Forewarning of 
meeting schedules without rna jor prob I ems 
undue interruption. dl luw s for flegotia 
tion s between prod­
ucerand customer . 




Benefits derived from plant How lhese benefits 
7. 	 The opportun i ty to spec i fy - Recorded informa­
and design betler equipment tion aJ lows future 
in the future. faults 1.0 be 
avoided by correct 
design and applic­
ation or equipment . 
--~------------ -. ----~~- - - ­
8. Reduction in business inter ­ i)amage insurance 
ruption savings on insurance and lost product ion 
premiums. insurance premiums 
are reduced due to 
reduced risk . 
9. 	 Increased rate of net output. - Some types of 
machine may be run 










4. CONDITION MONITORJ~~T~CHNI~UE~, 
The main techniques used for the condit.ion monitoring 
of plant and machinery are tending to concentrate 
into three areas which are vibration monitoring. wear 
debris monitoring (including corrosion debris) and 
component and system performance monitoring', l'here 
have bElen numerous deve I opments in these are3S in the 
diagnosis and prognosis of faults. and also in the 
matching up of the measurement techniques to the 
needs of practical maintenance activities. 
4.1 Wear Debris Monitoring 
Parts of machines which move relative to each other 
tend to generate wear debris from t.heir interactions . 
The effects are particularly pronounced if the 
operation is not smooth or if the surfaces are highly 
stressed and thus prone t.o local fatigue or pit.ting, 
If the components are flushed with fluids such as 
lubricating oils or coolants. the wear debris that is 
generated tends to be carried away and can thus be 
extracted at a conven i ent time and p I ace, By 
examining the quantity. type and shape of the wear 
debris. useful information can be obtained on the 
source of the debris and the condition of the 
components, Contaminant analysiS can cuver the 
debr i s depos i ted. the debr i sin slJspens i on or the 
!j • 6 • 1condition of the oil" 
4. I. 1 Deposited Debris: 
The larger particles carried in the lubricant can be 
collected with the machine stil on-load by means of 
fi Iters or magnetic col lectors, 
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(a) 	 F'ilters-
The rate of build·-up of debris in a filter can 
readi Iy be determined by measuring the pressure 
drop across the fi I ter. If the system is 
sUitably designed, the fi Iter can be removed 
without run--dO\Hl. The particles are then 
e x ami n (~d u n d (~r ami c r 0 s r: 0 pet 0 est a b lis h the 
quanti ty (severi ty of stress condi tions) and the 
shape and size of the particles (source) 
Spectographic analysis may also be carried out 
to determine the element content. The debris 
may be stored on an adhesive surface for record 
keeping purposes. 
(b) 	 Magnetic Col lectors ­
This is a convenient way of collecting ferrous 
debris. They can be designed to be removed on-
load and some of them may be monitored without 
removal giving an indication of debris build-up. 
4, 1. 2 Debris in Suspension: 
Sub-microscopic particles carried by the lubricant 
will remain in suspension. The examination of 
suspended particles gives the earl iest warning of 
fai lure. Quantitative measurements may be used (eg. 
parts per mi I I ion) but account must be taken of the 
di lutive effect of topping up with debris free oi I. 
(a) 	 Spectrometric Oi I Analysis (SOA) ­
SOA uses either an emission or an atomic absorp­
tion spectrometer to measure the analytical 
"spectrum" of a sample by measuring the concen­
trations of various elements such as Copper and 
Lead. It provides only information on 
concentration and composition of debriS, and no 
information on the shape of debris. 
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(b) Ferrographic Oi 	I Analysis ­
Here magnetic particles are deposited onto a 
substrate according 	 to size. The part i c I es may 
then be subsequently examined for concentration. 
size and shape. 
4.1.3 Condition of 	 the Oil 
The oil itself can be examined more generally for 
indication of other 	malfunctions. Some typical 
indications and their caUSflS are isted below: 
Indication 	 Cause Action 
Foaming 	 Excess churning Check system 
or passage under 
pressure thl-ough 
a restriction. 
Detergent Check seals and 
Contamination gaskets. 
Emulsion separates Water Drain off water 
out naturally 
Emu lsi on separates Water Change 0 i I 
in centr i fuge 
Colour darkened 	 Oxidation of Check system and 




reaching oi I 
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4.1.4 Application of Wear Debris Analysis 
The different methods tend to be su i tab I e for different 
machine components . Magnetic plugs are relatively 
idea I for mon i tor i ng the cond it i on of ferrous 
components. good ex amp I es are ro I I er bear i ngs and 
gears which produce ferrous debris as a result of 
surface pitting. The size of the particles causes them 
to settle out and not remain suspended in the solution, 
and so extracted oi I samples wi II not be useful. 
Spectrographic oi I analysis is better for detecting 
smaller particles which remain in suspension in an oi 
sample and tend to derive from conforming bearing 
surfaces such as plain bearings, piston rings and 
cylinder liners. 
Ferrography is intermediate and partly overlapping 
between these two methods in terms of particle size. 
It is useful for detecting the wear mechanisms that are 
operating by microscopic examination of the particles 
after magnetic separation from the oi I sample. 
The usual method of utilising information gleaned from 
wear debris techniques is to plot the measured 
parameter(s) on a particle count versus time graph 
(trend analysis). The onset of failure by fatigue or 
other method is indicated in the form of a sharp rise 
in the curve. Since damage is self propagating, the 
trend curves usua I I y show exponent i a I increases with 
• 	 the development of the fai lure. The trend curves wi II 
usually demonstrate the "bathtub" type of fai lure curve 
since during running-in the debris collect ' ion rate will 
reduce with time, remain constant during normal life 




When a change occurs, knowledge of the change in 
composition wi I I assist in determining which component 
has changed: 
Normal wear flat particles 
Abrasive wear sp i r'a I shaped debr is 
Ball damage rounded "rose peLal", radially 
spl it shapp-. 
Track wear rounded, surface break UP. criss 
c r 0 s sse rat I: he s . 
Roller damage 	 genera I I y cur I ed and 
rectangu I ar. with paral I e I ines 
a c ross width. 
Gear tooth damage 	 irregular shape, grey surface. 
The use of spectrometry or ferrography provides 
additional information which assist s in pinpointing the 
damaged component . 
4.2 . Component and System Performance Monitoring 
In this method components and systems are moni tored to 
ensure that they are performing their required 
function 1 The philo s ophy of this principle is a 
logical follow-up to the instinc t ive ability of the 
average motorist to ob s erve changes in performance such 
as no i ses. unusua I v i brat ions, increases in fue I or 0 i I 
c onsumption and leaking jOints . The simplesL and most 
common type of examination is visual, using instruments 
such as image-intensifiers to I ight up dark area s , 
fibre-optics to examine inaccessible corners and dye 
penetrant techniques . Visual inspection is a powerful 
technique because of the effecLiveness ofLhe human 
eye. The main disadvantage is that data recording is 
not always quantita Live and hence trend monitoring is 
d i r ric u It. 
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Thermal monitoring also plays an important part in 
performance monituring'. Monitoring the temperature of 
a component in a machine is undertaken for one of three 
purposes. 
([) 	 To enable the temperature of a process to be 
controlled manually. or to check that it is being 
control led correctly. 
( 2 ) 	 To detect an increase in heat generation due to a 
rna I funct i on such as a damaged bear i ng. 
( 3 ) 	 To detect the change in heat transmitted through 
and out of a machine or component caused by a 
malfunction. 
Temperature mon i tor i ng dev ices can broad I y be sp lit 
into three categories; contact sensors. non-contact 
sensors and thermographic compounds. 
Contact Sensors 
(a) 	 Liquid Expansion Sensors: 
Most commonly used devices. Mercury or alcohol in 
glass thermometers are accurate but fragi Ie. 
Since the sensors are relatively large they are 
unsuitable for surface measurement. 
(b) 	 Bimetall ic Sensors: 
Can be made compact and robust. They are 
unsuitable for surface measurement. but can be 
used to measure high temperatures. 
(c) 	 Thermocouples: 
These are smal and versati Ie and can be used to 
measure surface temperatures. 
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(d) 	 Resistance Sensors: 
The change in resistance 01' an element with temp­
erature is used to determine temperature. The 
temperature range is I imited to about 300·C and 
the resistance tends to drift with age. requiring 
rezeroing. 
Non-Contact Sensors 
(a) 	 Optical Pyrometer: 
Above 500·C radiation is in thl! visible range. 
The colour of the gas or body gives an indication 
of the temperature. 
(b) 	 Radiation Pyrometer: 
Thermopi les or lead-sulphide cells are used to 
measure the radiant energy received from a hot 
surface in the range 50 - 4000·C. 
(c) 	 The Scanning Infra-red Camera: 
These units cover a temperature range of 20 ­
2000·C. Although expensive the devices can give a 
resolution of 0.2°C at 20·[. 
Thermal imaging is an effective method for detecting 
temperature i rregu I ar i ties in turb i nes. bear i ngs. 
furnace I inings and pipel ines. An infra-red scanning 
unit with a cathode ray monitor producing an image of 
the radiating source will indicate malfunctions by 
showing up as bright spots (leaks. defective 
insulation) or dark areas (obstructions). 
For pressure vessels and piping carrying corrosive 
flUids. corrosive monitoring ilnd wall thickness 
measurements can be used to indicate any impending risk 
of rupture. A simple technique is to use small 
sentinel holes in the pipe which will indicate when the 
corrosion reaches the bottom of the hole. which is 
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subsequently blocked 4 I~emovable coupons made of• 
com po n e n t mat e ria I are a Iso use din the flu ids t ream. 
By removing and weighing them at rBgul~r intervals, the 
corrosion rate can be estimated. In some cases the 
corrosion rate can be determined by measuring and 
recording the electrolytic current on a watt-hour meter 
or similar instrument. 
Systems can be monitored by checking their overal I 
performance and by comparing one ch~racteristic with 
another. In the case of motor vehicles fuel 
consumption could be used to show up ~ny defect. In 
the case of pumps the del ivery flow and pressure 
indicate the component's condition. This technique of 
comparing parameters is useful in that data can be 
recorded graph i ca I I y and trends mon i tored . However, 
since no two machines are identical, care must be taken 
when analysing comp~rative data. 
System performance monitoring techniques tend to be 
specific to a piece of plant, and for this reason there 
is less proprietary equipment avai lable on the market 
for carrying out this kind of monitoring. Thus there 
is greater scope for effective individual methods to be 
developed by the engineers concerned in each case, and 
ta i lored to meet spec i fie requ i rements. 
4.3. Vibration Monitoring 
This is probably the oldest form of condition 
monitoring 5 . 7.8.9 Most people have come across it 
without even real ising it. A change in the sound of ~ 
car's engine, or in a moving machine can cause concern 
and is usually followed by a period of close 
examination to try to find the cause of the problem. 
This is vibration monitoring in its Simplest form. In 
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the past plant engineers involved inthe running and 
control of machines learnt to recognise by touch and 
hearing whether a machine was running smoothly or 
whether a fau I twas deve I op i ng. The days of p I ant 
attendants with an 0 i I y rag. a grease gun at hand and a 
screwdriver held to the ear to pick up vibrations are 
gone. The reason is that the personal relationship 
between man and machine is no longer economically 
feasible and is unreliable on the expensive and 
sophisticated high speed machinery of today; many of 
the tel I-tale vibrations occur at such high frequencies 
that instruments are needed to detect and measure 
them. 
Why do vibrations occur? In practice. vibration occurs 
as a by-product of the transmission of energy through a 
mechanism. Machine elements react against each other 
and energy is dissipated through the structure in the 
form of vibration. A good design wi II produce low 
levels of inherent vibration. As the machines wear 
foundations settle. parts deform and wear. rotors 
become unbalanced and clearances increase. These 
factors are reflected in an increase in vibration 
energy which excites resonances and puts considerable 
extra dynamic loads on bearings as it is dissipated 
throughout the machine. Cause and effect reinforce 
each other. and the severity of the faults invariably 
increase exponentially as thp, machine progresses 
towards ultimate breakdown. 
A vibration signal has several elements. Amplitude is 
always a val id measure of the severity of an anomaly. 
The frequency at which the vibration occurs indicat~s 
the source or type of anomaly causing the vibration. 
Other elements that are useful in vibration analysis 
are time between periodic occurrences and spacing 




excitation forces within a machine are constant. or 
vary within certain limits, the vibration level 
measured wi II also be constant or vary within simi lar 
limits. Furthermore for most machines. the v bration 
has a typical level and its frequency spectrum has a 
characteristic shape when tho machine Is in good 
condition. This frequency spectrum. a plot of 
v I brat i on amp I i tude aga i nst frequency, is known as the 
vibration signature of the machine. and is obtained by 
frequency analysing the machine vibration signal. The 
fact that vibration signals carry much information 
relating to the condition of running machines is the 
basis for using regular vibration measurement and 
analysis as an indicator of machine health trends and 
the need for mainten nee. 
Component and System performance monitoring is by far 
the most straightforward technique n Condition 
11onitoring. If something is not functioning properly, 
there wi I I be a change in the desired output of the 
item which will give a direct Indication as to the 
cause of the problem. All that is required is the 
correc t i nstrumentat i on and mon i tor i ng. fo I lowed up by 
a logical diagnosis of the problem. The only recent 
major advances in this field have been fmprovements in 
existing instrumentation and techniques. with few (if 
any) new techniques being developed. 
Wear Debris MoniLoring is simi lar in that there have 
been no recent major developments in diagnostiC 
techniques. The amount of inrormation that can be 
extracted from wear debris analysiS is also limited, 
and so the only developments in this field have been in 
improving the methods of extracting this information. 
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Whereas spectometric oi I analysis and particle 
examination procedures have stayed the same. there have 
been developments in improving and increasing the 
sensitivity of instruments [.hat nutomatically determine 
the amount of debris in solution. thus eliminating the 
need for tedious manual intervention and al lowing for 
measurements to be taken on-I i ne. 
Vibration monitoring. on the other hand. has been the 
subject of much research and development over the last 
decade. Problems that have to be overcome are signal 
i nterpretat ion. no i se reduct i on. hand ling I arge amounts 
of information. and improvements in frequency analysis 
techniques. The introduction of the micro-computer has 
also had an important effect on the development of 
signa I ana I ys i sand it is for these reasons that 




5. VIBRATION ANALYSIS 
5. 1 EQUIPMENT USED FOR VIBRATION ANALYSIS 
5 . 1 . 1 Vibration Transducers 
Transducers 







an essential part of any measuring 
is thus important to select the 
suit each particular appl ication. 
into three caLegories. determined by 
the parameters that they measure: 
(1) Displacement transducers 
(2) Velocity transducers 
(3) Accelerometers. 
The construction of these instruments affects their 
frequency response and hence their appl icabi I ity in 
various circumstances. Relative displacement trans­
ducers such as eddy current or proximity probes have 
a frequency range that can extend up to IOOOOHz. 
However. they are more suitable for detecting low 
frequency components since the higher harmonics 
usually fall outside their limited dynamic range. 
Si esmi c transducers. on the other hand. have proved 
to be far more su i tab I e for genera I mach i ne cond it ion 
monitoring duties. The most widely used seismic 
transducers are the velocity pickup and the piezo­
eleclric accelerometer. Piezoelectric transducers 
have in recent years become the most popular because 
of their superior frequency and dynamic ranges. 
smaller dimensions and th~)ir long-term reliability. 
The main drawback of any transducer operating on the 
piezoelectric effect is that the motion is converted 
into a charge which is dissipated in the signal 
conditioning equipment and the cable. If the rate of 
change of motion is slow this dissipation affects the 
reading and places a low frequency I imit on the range 
of the device. Modern amplifiers with input 
impedances up to 100 GQ enable measurements to be 
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made of frequencies as low a s O.lHz. The relative 
responses of transducers is shown in figure 5.1. 
Relative Amplitude 
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figure 5_1 Trnnsducer Chnnlcteristic5 
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Figure 5.2 Ty-p-ical Vibration Sp-ectra 





Figure 5.3 Typical Instrument Chain for Machine Analysis 
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An added advantage in using an accelerometer is that 
the measured parameter (acce I erat ion) can eas i I y be 
converted to velocity or displacement by simply 
integrating the acceleration signal. On an Ampl itude 
- frequency plot the three curves wi I I exhibit peaks 
at the same frequencies and the ampl itude of the 
peaks relative to the general slope or each spectrum 
will be the same (see figure 5.2). The simple 
mathematical relationship between the curves al lows 
the value at any frequency to be converted to a value 
at the same frequency at any or the other curves. 
When record i ng measured signa Is, acce I erat i on IS 
usually recorded to allow for simple conversion to 
velocity or displacement if required. In general, it 
is desirable to monitor the parameter with the 
flattest response curve as this gives a higher signal 
to noise ratio. Frequency components on such curves 
also need a smaller relative change before they 
affect the overall wide-band vibration level. 
5.1.2 Instrumentation Systems. 
There are four basic components in any measuring 
chain used for machine analysis, and they are 
associated with the measurement, ampl ification. 
conditioning. and display of the signal. These 
components are shown schematically in figure 5.3. 
Such systems vary from simple hand-held meters to 
sophisticated computer-control led permanent 
mon i tor i ng equ i pment. They systems can be c I ass if i ed 
into three levels of sophistication. and it is 
reflected in their speed, the time taken and 
i nformat i on prov i ded for I ocat i ng fau Its. and how 
accurately the time to ultimate fai lure can be 
predicted. These three systems are: 
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( a ) 	 A s mple manual ystem consisting of a hand held 
vibration meter that measures the broad band 
vibration level over a wide frequency range. 
Measurements are compared with general standards 
or established reference levels. and are 
recorded manually by the 0 erator. 
(b) 	 Using frequency analysis It becomes possible to 
diagnose and pr dict breakdowns at an earl ier 
stage. Portable equipment al lows narrow band 
frequency analysis and a spectrum plot to be 
performed on the spot for each monitoring point. 
The levels of certain frequency components can 
be plotted on Lr nd curves to enable faults to 
be diagnosed before brnakdown occurs. 
(c) 	 With large number of monitoring pOints. a 
computer aided spectral analyser may be 
employed. Vibration measurements can be 
co II ected on a tape recorder or may be fed 
directly into the system via a permanent 
monitoring network. Computer programs and fault 
d i agnos i s and trend mon I tor I ng, and large 
quantities of data can be stored. The program 
package can include programs for advanced 
analysis techniques su h as cepstrum analysis. 
trend predictions, harmonic and sideband cursor 
prog ams and many other newly developed 
techniques. hese techniques wi I I be covered in 
Chapter 6. 
5.1.3 
The most Important elements or the spectral analyser 
are the f i I ters or f i I ter systems. There are 
generally two types of f i j ter systems: 
(a) 	 Constant percentage band width (octave band, 
one-third octave band. etc. 
(b) 	 Fixed bandWidth. 
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The constant percentage bandwidth analyser has a 
bandwidth which is a constant percentage of the band 
centr frequency. The octave band analyser (DBA) is 
the simplest of these analysers. and separates the 
spectrum into bands one octave wide. Thus at low 
frequencies the fi Iter band width is only a few hert2 
wide, ranging to thousands of hertz wide thigh 
frequencies. 
Fixed bandwidth analysers provide a constant narrow 
bandwidth over the entire tunIng range. the main 
limitations of these filters are as follows: 
long data acquisition sweep or tuning times 
difficulty in maintaining stable frequency 
calibration 
usually large and not portable. 
In spectral analysis the fi Iters are used to pass 
only the interesting parts of the spect urn. The 
signal passing each filter can be amplified or 
attenuated to increase or reduce its importance in 
the graphic display or at a level detector. The 
filters p ay an important role in automatic monit 
or i ng systems. T ey can be used j n para II e I to act 
on the same level detector, or they could be 
connected to different level detectors w th vary ng 
a I arm sett i ngs. thus mon i tor i ng systems can be bu i It 
up to monitor wideband vibration levels. or in more 
complex systems, 1/3 octave ur narrower frequency 




5.2 THE VIBRATION SIGNAL 
5.2. 1 Describing the Amplitude of a Signal 
A measured signa I, whether it be acce I erat i on, 
ve I oc i ty or amp I i tude, cou I d have anyone of four 
forms' : 
(a) 	 Pure sinusoidal such as that generated by an 
unbalanced rotor. This sil,nal has only one 
frequency component as shown in figure 5.4(a). 
The si z e of the signal could be described by 
either the peak value or the root mean s quare 
value since for a sine wa ve Vo ••• = {2 Vr m 
(b) 	 Periodic but non-sinusoidal, containing many 
discr e et frequency components. The repet i t i on 
period of the signal corresponds to the lowest 
or fundamental frequency component (f. in figure 
5.4(b». The total mean s quare of the signal is 
equal to the sum of th e me a n squares of the 
discreet frequency components. This concept of 
addition of mean square components plays an 
important part in fr e quency analysis. 
(c) 	 Random signals, that never repeat themselves 
exact I y . Th i s type of signa lis generated by 
moving contact between sol id surfaces. 
Theoret i ca II y the peaks reach i nf in i ty for 
infinitesimal periods . In practice however, 
such signals have an upper limit, and thus they 
can be described by th e ir r.m.s. value and their 
frequen c y spectrum, which is continuous over a 
wide frequency range. (see figure 5.4(c» 
IJ 
C 
0> I I ~ Iiii \I Ii • 
Area=total 




Figure S.4c Random Noise 
Ul 
time 
14 ~eriod~ 1/,,1 • 
f frequency 
Figur~ ~,40 P!Ar~ 5ine 51gnol 
~( \ j \ tim: 
to 
Figure SAd Combin1':ltion of Siqn1':lls frequency 
period= lifO 
fO f 1 







(d) A combination of sinusoidal periodic and random 
such as shown in figure 5.4(d). These are the 
most often type of signal encountered in 
vibration analysis and are of interest due to 
the difficulties involved in interpreting them. 
Thus any signal can be described by a measure of its 
magnitude (eg. r . m.s. time average value) and a 
measure of its frequency spectrum . The root-mean­
square time averaging parameter is the most widely 
accepted measure of the size of ;"). signa I and is 
defined by the following equation" 
T 
1. dt ( 5 . 1 ) T J V2 0 
where V is the instantaneous value of the signal. 
The averaging period T must be at least 100 times the 
length of the lowest frequency component of the 
signal to get an accurate value for Vr m. One of 
the reasons that r.m.s. time averaging is Widely used 
is that the square of the vibration signal is a 
measure of the energy content of a signa lsi nce 
kinetic energy is proportional to velocity squared . 
Thus the r . m.s . value of the signal reflects the mean 
energy va I ue of the signa I. 
The size of signals is often given in logarithmic 
units. This enables large ranges of signal 
amp I i tudes to be compressed into sma II ranges of 
numbers. whi Ie maintaining relative accuracy between 
components across the range. The logarithmic scale 
in general use is the decibel sea Ie. wh i ch compares 
the energy (E) to a reference level as fol lows: 
Total Energy (dB) (5.2a) 
Since energy is proportional to the square of the 
relevant vector quanLity (eg displacement. velocity 




Total Energy (dB) 
(5.2b) 
The decibel is thus a scale relating values, and 
i nternat i ona II y def i ned reference I eve Is, for wh i ch 
Tota I Energy = 0, are given as: 
Acceleration Velocity Displacement Sound Pressure 
10~m/s 10 nm/s none 20~Pa 
The use of a logari thmic scale means that exponential 
deterioration in a component, if it is similarly 
reflected in the vibration signal, will show up as 
equal changes in decibels . Ry setting an upper imit 
on the total decibel increase. I t then becomes a 
simple task to linearly extrapolat.e a dB-time plot to 
determine when action should be taken. 
• 
Another way of using a logarithmic scale for the 
detection of fault conditions is by comparison of 
vibration levels with standard criteria such as BS 
4675:1976 11 (see figure 5.5) It is defined as "a 
basis for specifying evaluation standards for 
rotating machines with operClting speeds from 10 to 
200 revo I ut ions per second". Emphas i siS p I aced on 
v i brat i on I eve I compar i son raLher than abso I ute 
criterion levels. This is due to the wide variation 
of mechanical impedance measured at the bearings of a 
number of machines in the same class (>10:1). Also. 
mechanical impedance varies with frequency and thus 
the use of absolute criteria, appl ied to overal I RMS 
levels, becomes dubious . 
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Figure 5.5 	 Vibration Severity Related to 
Classification of Machine - 8S4675. 
Part 1. 1976. 
A more relia~le principle is to use the vibration 
level when the machine is in good condition as a 
reference. and to judge machine condition based on 
changes from the original vibration pattern . This 
comparison could be done on overal vibration levels 
or discreet frequency components . . 
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5.2.2 Describing the Frequency of a Signal 
Since signals with the same r.m.s. values can have 
very different waveforms. other methods exist to 
analyse and describe signals l 2.l3.14: 
(a) 	 Probabi 1 ity Density Distribution. 
The probabi I ity that the instantaneous value 
x(t) of the signal lies within the amplitude 
range Xl to x 2 is given by: 
p[x, ~ x(t) ~ x 2 ] = JX2 p(x) dx (5.2) 
Xl 
where p(x) is the probabi I i ty density distribu­
tion function. The shape or the p(x) curve is 
useful in identifying harmonic components, 
normally (Gaussian) distributions. and non 
I inearities in signals. The shapes of such 
curves are shown in figure 5.6 
p(x) 
o X 	 0 X 
Figure 5.6 Examgles of Probability- Density Functions 
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(b) 	 Spectral Density Function 
This is the frequency domain representation of a 
signal. and produces a spectrum that indicates 
the frequency content of a signal . The signal 
is represented in the follo\~ing way: 
( 5 . 3 ) 
(c) 	 Auto Correlation Function. 
The instantaneous value of a signal is compared 
to its value a short time away . Thus a function 
is derived that indicates the typical periods 
present in a waveform. 
T 
R(r) I I m+ Jx ( t) x (t + .r) d t (5.4) 
T.... oo 
The I ast two funct ions can be linked through the 
FOURIER TRANSFORM as fo II ows: 
R(r) 	 = 5cO G(n cos 271:f'[ dl' (5 . 5a) 
o 
-G(f) 	 = 45 R('[) cos 271:f'[ d'[ (5. 5b) 
o 
These relationships are often used to determine C(f). 
the more physically meaning quantity. from r~(r) which 
is easier to measure digitally. 
Other. more complex functions exist for analysis 
purposes. but it suffices to mention that a basic 
system consists of a transient force p(t). which is 
modified by an impulse response function h(t) to 
produce the measured response x(t). This is shown 
schematically in figure 5.7. with the corresponding 
Fourier Transforms of the functions. The force-
response re I at i on is then 
x ( t ) h(t) * p(t) ( 5 . 6 a ) 
XU) HU) p(n (5.6b) 
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For further detal I on this subject the reader is 
referred toCIarkson 3 for a mor e I abora te 
description of these ignal descr ption techniques 
Generally. the direct measurement of spectra s done 
more conveniently by analogue filters and direct 
measurement of correlation runctions is done more 
conveniently by dig tal methods. Although the 
digital computer is not suitable for the direct 
measurement of spectra, it can read! Iy compute 
spectra from a measurement of the correlation 
function. With the in reased use of improved 
algorithms such as the Fast Fourier Transform (FFT). 
dig tal methods are tak ng over from analogue because 
of their greater versati I ity. One of the most 
signiFicant developments in analysis techniques has 
been in the appl ication of Cepstrum AnalysiS to rault 
diagnosis. This topic is covered in chapters 5 and 6. 
Source Measured 
function Transfer 




5.3 Improving the Signal to Noise Ratio (SNR) 
Diagnostics based on vibration signatures are 
concerned with the extraction of those features from 
a diagnostic signal which c an be related to the 
machine condition. Signal processing techniques 
involving time. frequency and stil.tistical analysis 
can be used sllccessfully to identify faults in simple 
to complex machines. Fault diagnosis in complex 
machines I ike power plant engines and aircraft 
engines presents a problem due to th e ex c essiv e 
background noise that corrupts the machine condition 
signal. In such c ases some method is required to 
improve the signal to noise ratio (SNR) of the 
diagnostic signal so that the relevant information 
can be e x tracted from the v i brat i on ana I ys i s us i ng 
one or more signa I process i ng techn i ques. Var i ous 
methods are ava i I ab I e to preprocess the tota lSi gna I 
to improve the SNR. and these include: 
- Signal Averaging 
- Bandpass Fi I tering 
- Adaptive Noise Cancel I ing (ANC) 
- Hi gh Frequency Resonance Techn i que (Hr:r~T) 
- Cepstrum Analysis 
- Zoom Analysis 
• 1 1 • , 55.3. 1 Signal Averaging 4 
This method is also kno\.Jn as synchronous signal 
averaging. The time signal (digiti s ed) is averaged 
over a large number of cycles. s ynchronous with the 
running speed o f a particular gea r . This removes 
background noise and any other p e riodic events not 
exactly synchronous with the gear in question. such 
as mating gears. The process can be repeated for 
each gear in turn by synchronizing the averaging 
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circuit with the speed of the gear being monitored. 
This method has the advantage of giving an accurate 
copy of the time signal, and locdl faults should be 
easily discernable. Further signal analysis, such as 
those discussed in chapter 6 wi I I reveal even more 
i nformat i on about the mach i ne element. However, th i s 
powerful noise reduction technique is not suitable 
for bearings because the position of the rol ling 
elements relative to the racel-Jays changfls with flach 
revolution of the race. 
9 • 1 05.3.2. Bandpass Filtering (Frequency Windowing)7 . 
Fi lters are used to suppress signals from random 
vibrations in comparison to periodic signals. It is 
also used to remove unwanted ringing effects caused 
by system or transducer resonances. In such cases 
the filter allows the initial peak registered by the 
transducer to pass, but attenuates the resulting 
damped response vibrations. It becomes clear that 
careful selection of fi Iters is necessary to al low 
the signal and not the noise to pass. 
Analogue analysers are in general beini replaced by 
digital analysers based on FFT or digital filtering. 
this is because of its greater accuracy and increased 
flexibility. Using digital filtering allows the user 
to choose the required bandwidths precisely. A 
typical example is in the analysis of gearbox 
vibration spectra - here it is advisable Lo eliminate 
low harmonics by cutting off al I frequencifls below 
half toothmesh. This in itself does not improve the 
SNR, but is effective when used in conjunction with 
further spectral analysis techniques. 
Another advantage in using digital analysis 
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techniques is that if the system has a "200m" 
capabi 1 ity, then the bandwidth can be chosen to suit 
the particular application. Hence the resolution of 
the s gnal can be selected to give n optimum SNR, 
since as one tries to define a signal more precisely 
in the time domain, its spread In the fr quency 
domain increases, and vice versa. Another method of 
improving the SNR of signals makes use of resonances 
in a vibratory system. This is covered in Section 
5.3.4. 
When signals propagate through a system, their 
frequencies are modified, as well a their temporal 
characteristics. R moval of the contamination of the 
signal may be accomplished by Inear filtering. 
However, this is not as simple as it sounds. since 
path and source effects are inextri ably bound 
together during propagation. Thus el m natlng the 
path characteristics in the fr quency domain can 
defeat the objective if due care s not taken. The 
window is usua I y chosen at a freqll ncy we I I above 
the low shaft orders to stay clear of excitation 
resulting from normal operation of the machine. 
An alternative to frequency windowing is temporal 
linear windowing, or time gating. rr part of a 
comb i ned signa lis separated from other arr i va Is j n 
time. then gating enables one to separate the "n"th 
path from al I the others. If the timo delays in the 
paths are not sufficiently diUerenl t becomes 
difficul to perform this gating. 
5.3.3 1 6 
Adaptive Noise Cancelling (ANC) is a method of 
estimating signals corrupted by additive noise. t his 
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method makes use of two inputs - a primary input 
containing the corrupted signClI. and a reference 
input containing noise correlated with the primary 
noise. the refert;llCu input may be a sensor located 
at a point in the noise field where the signal IS 
very weak. such as the base of a machine. 
SIGNAL SIGNAL SSOURCE PATH - ~ -­ ~ ----­ --.. ­ -­ -­ - ­ --- ­ --­ ~---
PWv\RY INPUT ... CANCELLqR OUTPUT
L 














I ......•............ '" ......... _.. 
Figure 5.8 The Adaptive Noise Cancel ling Principle 
The general ANC principle is shown in figure 5.8. 
The signa lSi s corrupted by the no i se no and is 
received at the primary sensor. A reference noise 
n" is received at the reference sensor. This noise 
is related to the no in an unknown way, but 
uncorrelated with signal S. The reference input is 
then adaptively fi I tered to match no as closely as 
possible and is then subtracted from the primary 
input. the noise canceller output contains the 
sign a I p Ius res i d u a lin t e r fer e n c e . The adaptive 
fi Iter acts to minimise the average power of the 
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residual interference. The noise canceller output 
error signal is fed back to the adaptive fi Iter and 
the fl Iter characteristics are adjusted through a 
Least Mean Square adaptive algorithm to minimise the 
residual interference. 
Ther are two situations where I\NC is applicable. 
The first case is where the I nput no i ses are 
correlated. The second case is where the mputs 
contain correlated signals but uncorrelated noise. 
In both cases significant improvement in SNR can be 
ach i eved, and it has been shown' that pr i or to us i ng7 
ANC. diagno tic techniques such as kurtosis and power 
spectrum may not detect faul ts. Subsequent to using 
ANC. the background noise Is effectively removed. 
enab I I ng the successfu I app I I cat i on 1 f d i agnost i c 
techniques. 
( H FRT ) 1 1 • , 9 • , 95.3.4 
This technique is also known as Demodulated Resonance 
AnalYSis. or Envelope Power Spectral DenSity 
AnalysiS. It is well suited to the vibration 
monitoring of gearboxes and turbomachinery because of 
Its abl I tty to separate the vibration generated by 
defective bearings from the vibration generated by 
other achine elements. 
The principle behind HF is that whenever a defect 
in a machine element. is excited. a hart Impulsive 
vibration is generated. Usually the energy from tho 
pulse is distributed at a low level over a range of 
frequencies. However. the impact usually exei tes a 
resonance in th system at a much higher rrequency 
than normal mach ne vibrat.ions. Hence some of the 
energy is concentrated into a narrow band that is 
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easily detectable. The resonance could be the 
ringing of damaged bearing races or even the 
transducer itself. he haracteristic defect 
frequency is that of the occurrllnce of the impulse. 
Modulation of the resonance by the characteristic 
defect frequ ncy makes it posslbl to detect the 
presence of a defect by the excitation of the 
resonance, as wei I as a diagnosis as to what part of 
the bearing the defect occurs. 
The procedure for HFRT I s as 1'0 II ows: The 
accelerometer signal is amplified. and sometimes low 
pass filtered to attenuate he transducer resonance. 
he signal is then bandpass fi Itared around the 
resonant frequency to el i inate background nois or 
other resonances. The remaining signal consists of a 
narrowband carrier at the resonanc frequency, 
amp] itude modulated at the characLeristic defect 
frequency. The characteristic defect frequency is 
then extracted by envelope detection, in which the 
signal is rectified and smoothed to e iminate 
remaining noise components. AI I that then remains is 
to analyse the envelope signal. 
An alternative approach to HF s to omit the low 
pass fi Iter and al low the accelerometer resonance to 
amp Ii fy the signa I The acee I erome tar is cons i dered 
as part of the system which resonates. Its ringdown 
pulses are demodulated and smoothed, yielding a pulse 
train with the same r petition rate as th flow 
impacts. An advantage is that amplification is 
provided at the a celerometer resonant frequency, 
improving the SNR. A disadvantage is that impulses 
from other machine elements may also excite the 
acce Ierometer and produce mis I aad i ng resu Its. 
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10.15.20245.3.5 
The cepstrum. which der ves it name from "spectrum". 
has been defined in a number of different ways. They 
can al I however. be considered as a spectrum of a 
logarithmic spectrum i.e. logarithmic amplitude with 
linear frequency scale). Essentially. it is obtained 
by conducting a frequency analysis of a poclrum. 
Thus it can be used as a tool for the detection of 
periodicity n a spectrum, such as families of 
harmonics with uniform spaCing. The logarithmi 
ampl itude scale emphasises the harmon c structure of 
the spectrum and lessens the Influence of the 
transmission path effecLs. 
The type of periodic effect is often found in the 
sidebands commonly found in gearbox Vibration 
spectra. an often indicate faults of various kinds. 
Here the cepstrum provides a diagnostic aid in 
int rpreting spectral information. It is also useful 
as a data reduction te hnique. effectively reducing a 
whole family of sid bands into a single line in the 
cepstrum, simpl ifying the problem of monitoring 
change in machine condition. 
One of the more recent definitions of the cepstrum is 
"the inverse Fourier transform of the logarithm of 
the power spectrum", or mathemat cally 
( ( .r:) log P (f) (5.7) 
where P(f) IF (f(t)} I~ ( 5 . 8 ) 
It should be notod that the independent v.ariable r of 
the cepstrum has the dimensions of time, but is known 
as quefrency. Where peaks in the cepstrum result 
from fami I ies of Sidebands. the quefrs cy of the peak 
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represents the periodic time of the modulation, and 
its reciprocal the modulation frequency. The 
quefrency says nothing about absolute frequency, only 
about frequency spacings. 
In normal vibratory situations, the measured power 
signal at an external measuring point is the product 
of the source function and frequency response 
function of the transmission path. (see equation 
(5.6b). The effect of taking the logarithm is to 
transform the multiplication into an additiun: 
log X log H + log P ( 5 .9) 
The additive relationship is maintained by the 
inverse Fourier transform i.e. 
F- 1 {logX} F- 1 {logH} + F-' {log P} (5.10) 
The left hand side of this equation is the same as 
the cepstrum (equation (5.7), which means that the 
source and transmissiun path effects are additive in 
the cepstrum. Since they often have quite different 
quefrency contents, they wi I I be separately shown in 
the cepstrum. The appl ication of cepstrum in gearbox 
fault diagnosis is discussed further in Chapter 6. 
5.3.6 Enveloping,g 
A ful I or half-wave rectifier is used to convert a 
band-passed bipolar time signal to a unipolar output, 
followed by a peak-hold smoothing circuil. The decay 
portion of the envelope is of' little use in the 
analysis of the enveloped signal, since it. is the 




The selection of the time constant for the smoothing 
circuit is of importance. If too long, the decay 
wi I I be too slow and smal peaks m y be buried in the 
decay of a prec ding large peak. If too short. a 
carrier ripple wil remain in the signal, requiring 
further smoothing. fortunately the expected shape of 
the signal has a sharp ini ial rise followed by 
exponential decay, allowing the smoothing circuit to 
be matched with it. The signal can then be processed 
for further analysis, 
5.3.7 
The appl ication of the above techniques for improving 
the signal to noise ratios of vibration signatures 
depend on individual conditions. In some cases they 
will not be necessary, \.Jhile in others it would be 
impossible to make any fault diagnosis without them. 
Careful attention must be paid to the type of 
information carried in the signal, as the incorrect 
app I i cat i on of no i se reduct i on t chn j que cou I d r duce 
or remove the signal to such an extent that fault 
diagnosis would prove unsuccessful. 
In some applications it IS useful to apply two or 
more of the no i se reduct ion techn i quos descr i bed 
here, For examp! e Adapt i ve No i se Ca.nee 1 ling or 
Bandpass Fi Itering can be used prior to Cepstrum 
ana I ys i Sl 6. Aga i nit depends on the character i st i cs 
of the signal that is being analysed (such as 
impulsiveness or harmonic frequeneie ). Cepstrum 
analysis in itsfllf is powerful analytic tool in 
vibration analysis and will be discussed further in 





Numerous diagnostic methods exist for the diagnosis 
of faults in vibrating machinery from signal analysis 
techniques. With the tncre sing use of c mputers. 
these methods have improved. whi In n w methods are 
constantly being devised. tested and implemented. 
Due to the widely differing charact.eristlcs of 
rotating machinery, and the multitude of possible 
types of failure, it is difficult to establish which 
one is the correct method of diagnosis to apply. The 
consequences of various types of faults will usually 
determine which method to use, and what degree of 
sophistication to employ Often under adverse 
conditions it Is the combined evidence of a number of 
techniques that nables damage to be detected. 
Generally speaking, the diagnostic techniques can be 
classified In terms of the types of mach nes to which 
they are app I I cab I H. The most common app I i cat ions 
are In bearing fault detection and gear defect 
monitoring and diagnosis. Clearly some of the 
diagnostic methods will be suitable for application 
to different classes of machines, due to the 
different characteristics of vibrations emanating 
from machinery. The selection of the machine 
monitoring method is usually done by the maintenance 
engineer or production manager after careful 
considerat on of the factors involved. This chapter 
deals w th the diagnost.ic techniques avai lable for 
fault finding in Vibration analysIs. Fortunately 
some of these techniques produce a binary outcome of 
the machine's condition; ether a fa It exists or it 
doesn't. What about those techniques that produce 
answers that indicat.e a fault is present, but do not 
necessari Iy indicate that the machine should be 
stopped and repaired? 
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In such a case the limiting condi ions of the 
monitored parameter could be chos~n as 2S : 
(a) A maximum rate of change 
(b) A maximum deviation from a reference level 
(c) An upper limit 
These cond I t ions can a II be eas i I y mon i tared by 
graphical trend analysis of the monitored signal(s) 
On a parameter time graph the limiting conditions 
become: 
(a) A maximum permissible slope 
(b) A maximum deviation from a reference level 
(c) A fixed upper limit 
Thus the advantage of a graph cal record can clearly 
be seen. and since large quantities of data are 
involved. computers are becoming more and more common 
in condition monitoring ystems. 
6. 1 
This s the Simplest technique and r quires only 
elementary knowledge of the monitored machine. The 
time history signature could reflect displacement. 
velocity or acceleration and is sUltable for fault 
diagnosis in bearings, gears and even reciprocating 
machine y. 
A relatively new concept of using displacement 
transducers is discussed in reference 2B Most• 
previous methods are based on velocity or 
accelerat on measurements. The advantage of the 
displacement tranduce method that provided the 
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signal is synchronized with the shaft rotational 
speed, the exact location of damage to either the 
inner or the outer race can be determined. Inn e r 
race damage is more difficult t.o interpret since the 
damage signals do not epe t with every ball paSSing 
cycle. since the frequency of he fault can be 
calculated. damage can easily be traced to its s urce 
by referring to table 6. I' a Ch a t u v e r d I and 
Thomas 16 have shown that by applying Adaptive Noise 
Can el I ing to vibration signatures corrupted by 
turbine noise. defecLive bearings can be easi Iy 
identified. Since signal averaging cannot bp, appl led 
to bearings, this is a powerful tool for the 
diagnosis of defective bearings under adverse 
conditions. 
A simi lar method can be used for monitoring gear 
trains. The gears m sh at asp cirlc frequency. and 
thus observation of a once per revo ution marker and 
the pu I se on ,a dua I channe lose 111 oscope can revea I 
the location of the defective tooth with respect to 
the marker. By using signal avoraging, the condition 
of individual gears in a gearbox can be assessed by 
synchronising the analyser with the speed of each 















N Pulse yN Pul 
with fractured tooth 
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Condition monitoring of reciprocating machinery 
presents many problems to the machine analyst. The 
common techniques of harmonic and r.m . s. measurements 
cannot be used in a straightforwa r d manner when 
app lied to rec i procat i ng mach i nes' 0 77 The reason 
is that the working cycle consists of many tran s ients 
of short duration caused by piston-cyl inder impacts. 
pressure pulsations and valve operations (ie. noise) 
Thus time domain analysi s is an essential part of 
reciprocating machine monitoring . Functions of 
pressure and vibration are good indicators of machine 
condition when displayed together as a function of 
crank angle. The pressu r (~ trace rapidly reveal the 
condition of the valves in individual cyl inders . 
Averaged vibration signals with time windows centred 
on individual component events can sometimes reduce 
noise sufficiently to enable faults. such as valve 
osci I lations. to be detected. 
Sometimes the time signals themselves are used to 
indicate machine condition. by statistically 
analysing the signal and producing a one-figure 
representat i on of the sever i ty of the v i brat i on. The 
simplest of these approaches is tho overal I Root Mean 
Square level. and is the basis of some standards for 
evaluating vibrations. lhesA are of limited value 
since it has been shown that in the early stages of 
damage the overa I I I eve j may not be affected 27 • or 
may not change at a 1178. Neverthe I ess they are 
useful for simple system s or where other information 




6.2 STANDARDS FOR EVALUATING OVERALL VIBRATION LEVELS 
A number of standards exist for the evaluation of 
vibration levels in machi nery "·2 9 The British 
Standard BS 4675 ment i on ad in Chapter 5.2.3 .. is 
designed to assess the general condi tion of a 
machine. Therefore it cannot be applied as criteria 
in relation to plant condition monitoring since the 
criterion bands are wide to allow for production 
spreads in tolerances . Moreover. standards apply to 
"average" machines. and no fixed definition exists to 
descr i be what "average" is. [t Sflems that def in i ng 
the machines covered by standards i s a major point in 
determining their accuracy. Since this is achieved 
in different ways in the different standilrds. their 
authenticity is questionable. 
A more reliable method i s to use the vibration 
level(s) when the machine is in good condition as a 
reference. The machine condition is then judged by 
the departures from these original patterns . This is 
where the standards are in good agreement i.e. by 
removing the significance of absolute vibration 
levels. An increase of between 6 and 8 decibels is 
considered significant. while a change of 20 dB is 
serious. It should be borne in mind that equal 
increases on a logarithmic ilxis are also serious. 
since this in effect represents an exponential 
deterioration. 
This indicates that trending of vibraLion data should 
be performed. using a standard to determine which are 
tolerable increases. The point in question is thfln: 
Which parameter should be monitored? It is not 
unusual to carry out trend monitoring of overall (eg 
rms) vibration levels. one of the advantages being 
that these are relatively stable and exhibit less 
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spread than individual components in vibration 
spectra. Another reason is that only one measurement 
for each transducer is requ ired. A I ternat i ve I y 
octave of 1/3 octave band level analysis may be 
performed. but the increased sen s itivity of such 
methods means that more measurements are required. 
This could prove a major factor when large numbers or 
machines are being monitored. 
As mentioned previously, vibrations may be measured 
in ter"ms of acceleration, velocity or displacement. 
For a given frequency /" thesfl parameters are 
s imp I y s epa rat e d b y a f act 0 r 0 f 2 7f. /. " Itt h u s 
becomes a simple task to integrate a given signal 
rrom an accelerometer either by analogue or digital 
conversion. to produce velocity or displacement. 
Overal r.m.s. velocity is considered to be the most 
useful measure for total vibration monitoring and is 
used in various standards in the frequency range 10 ­
10000 HZ,,·29 When continuous monitoring is 
emp I oyed. the processed signa lis usua II y d i sp I ayed 
on a chart recorder, whi Ie the equipment may be 
arranged to trigger alarms at a predetermined signal 
I eve I, change in I eve I or rate of change in overa I I 
level 30 
6.3 FAULT DIAGNOSIS USING NARROWBAND VIBRATION SPECTRA 
In many situations a change in the level of one 
particular component may grow for several months 
before it influences the overall level, if at all 
In such circumstances frequency analysis is 
essential. while overall total signal monitoring may 
still be done. 
57 
VIBRATION TROUBLE SHOOTING CHART 
Frequency of Dominant Direction RemarksNature of Fault Vibration (Hz=rprry'60) 
Rotating Members 
A common cause of excess vibrat ion in machineryRadial1 x rpmout of Balance 
Usually 1 x rpm RadialMisalignment & 
A common faultOften 2 x rpm & 





Uneven vibration levels, often with shocks. 
"Impact·Rates : 
Impact rates for Im~C1 AltH f IH,)I I 
the individual 
For Outer Race Oeftc'1 11Hz) '"'';'f'f1_~co".J) ~ _ : ':. B." D., IBDIDamaged Rolling bearing components" Radial 

Element Bearings 
 i& for Inner Race DelKl Itl-':) • ¥f'(1. ~ Co) I3l'0"'"(Ba II, Roller, etc .) " 0i'ChAlso vibrat ions at Axial .' 101<1 
very high frequencies . ilPDI Fo. B.II Defect 11Hz) .~I,(l-~)~CO'O] 
(20 to 60 kHz) ,.., = number 0 1 bal ls o r ,oller\ 
I',= ~e ra l i... e 'ev.!S between 
Inner &- outer raCtS II nrJS6'1 
Sub·harmonics ofJournal Bearings Looseness may only develop at operat ing speed andPrimarilyshaft rpm, exactlyLoose in Housings temperature (eg . turbomachines).Radial1/20rl/3xrpm 
Slightly less thanOil Film Whirl or 
Primarilyhalf shaft speed Whip in Journal Applicable to high·speed (eg . turbo) machines. 
Radial(42% to 48%) Bearings 
Vibrations excited when passing through critical shaft 
Primarily speed are maintained at higher shaft speeds. Can sometimes 
Radial 
Shaft critical speedHysteresis Whirl 
be cured by checking tightness of rotor components. 
Sidebands around tooth meshing frequencies indicate Tooth meshing RadialDamaged or worn modulation (eg . eccentricity) at frequency correspondingfrequencies (shaft rpm & gears x number of teeth) to sideband spacings. Normally only detectable withAxial 
very narrow·band analysis . and harmonics 
Mechanical 2 x rpm
Looseness 
l , 2,3&4xrpmFaulty Belt Drive Radial 
of belt 
Unbalanced 
1 x rpm and/orReciprocat ing Primarily
multiples for higherForces Radial 
and Couples order unbalance 
Blade & Vane Rad ial 
Increased passing frequenc ies & Increasing levels indicate increasing turbulence 
Turbulence and harmonics Axial 
1 x rpm or 1 or 2 RadialElectrically 
times sychro nous & Should disappear when turning off the powerInduced Vibrations 
frequency Axial 




When the frequency of vibration associated with a 
rna i ntenance prob I em is known in advance, frequency 
analysis provides useful information as to the cause 
of the problem. Table 6.1 lists a number of faults 
and the way in wh i ch they can be diagnosed with 
respect to their frequency and direction of maximum 
expected motion. r~requency monitoring is not always 
as straightforward as is suggested here and can 
usually only be effective after gaining experience 
with a particular machine. The tell-tale frequencies 
of machines may not appear to indicate faulty 
conditions, but trend analysis of such components 
would be sure to highl ight any worsening machine 
condition. 
6.3. 1 Harmonic Components 
Gearbox vibration spectra generally exhibit a 
fundamental frequency, corresponding to toothmeshing 
rate, in the form of a distinct I ine in the spectrum. 
Higher order harmonics of the fundamental wi I I also 
be found, but these components decrease in magnitude 
with increasing frequency. Under constant load, any 
changes in the toothmeshing frequency and its 
harmonics would most I ikely be due to wear. which 
usually occurs as the result of the sl iding action 
between the teeth (there would not be as much wear on 
the pitch circle since at that point there is only 
rol I ing contact between gear teeth). The resulting 
profi Ie error would tend to give considerable 
distortion of the toothmeshing frequency, and thus 
wear is often more evident at the higher harmonics of 
toothmeshing than at the fundamental frequency itsel f 
(Figure 6.2). It is usually sufficient to monitor 
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Figure 6.2 T~~lcal Vibration S~ectrum changes 
due to wear 
Other phenomena that are sometimes observed in 
gearbox vibration spectra are intermodulation 
components 3 ,.32 a nd ghost components' 5,23 Inter-
modulation Components arise due to sum and dirrerence 
rrequency errects or the major rrequency components. 
Once recognised. such components do not give grounds 
rorconcern, as they would norm a lly only change as a 
result or changes in the rundamental components. 
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Ghost components arise from errors in the teeth of 
the index whee I used for mach i n i ng the gear. The 
frequency later generated by the gear in service 
corresponds to this number of teAth and therefore 
must be an integer harmonic or the gear rotational 
speed. Another indication of a ghost component can 
be obtained from its insensitivity to load effects . 
Once recognised. ghost components do not usually 
cause problems. and they tend to become smaller with 
time and wear. 
Bearing harmonics are not as straightforward to 
monitor due to intermodulation between characteristic 
bearing frequencies. Another problem is that the 
vibration signature of a badly damaged bearing 
closely resembles that of a bearing in good 
condition. except that the level is much 
higherg·16.33 
A useful method has been suggested by A.R. Ray [Ref. 
3] for detecting bearing failure using a simple 
manipulation of vibration spect.ra. The vibration 
signa lis bandpass f i I tered. then enve loped to 
crudely demodulate the band passed signal before 
power spectrum analysis. Two signals are used. One 
is normal ised by dividing the standard deviation of 
the input signal . The other is raised to the fourth 
power subsequent to band pa s s fi Itering. The 
philosophy behind the method is this: If in the 
power spectrum of the envelope of this signal the 
peak at rol I ing element past outer race frequency 
decreases re I at i VB to backgrollnd energy I eve Is. then 
the modulation is assumed to be sinusoidal and the 
bearing undamaged. On the other hand the pattern of 
a damaged bearing will be distinctive. exhibiting 





However. under adverse conditions thisthe fault. 

method is not appropriate. and an analysis system 





6.3.2 Side Band Analysis 
Sometimes there is an absence of significant peaks at 
the fundamental frequencies, indicative of a 
In suchparticular defect of the gear or bearing. 
cases power spectrum technique fai Is to detect and 
Desp i te the absence ofdiagnose mechanical defects. 
these peaks. Osuagwu and Thomas 31 have shown that 
fault detection and diagnosis is still possible. The 
discriminant feature used to deLect a defect is a 
characteristic doublet structure present only in the 
These doubletdefective power spec t rum (figure 6.3) . 
structures occur at frequencies harmonically 
unrelated to the fundamental impact frequency (FIF). 
but with a recurrence of this structure at every 
fundamental impact frequency . 'r he periodic 
recurrence of the doublet structure i s found to carry 
source identification information, 
Shaft 






















Figure 6_3 	 Damaged Bearing Vibration sp-ectrum 
showing occurrence of Doublet 
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The absence of a significant peak at the FIF is due 
to two causes which may operate imul taneously: 
1. 	 An average and shift effect produced by a qu si 
periodic instabi I ity or the rapid variation of 
the impact rate in the waveform. This may cause 
a slow migration of the fundamental impact 
fr quency from its computed value. 
2. 	 An intermodulation efr t wh ch translates defect 
related information to frequency locations 
unrelated to the fundamental impact frequency. 
In the study by Osuagwu et a/ ba I I bear i ngs 
were used. It was found that over al I operaLing 
conditions defect VB spectra show characteristic 
doublet structures with a base corresponding to shaft 
frequency, and a recurrence of the daub et at every 
fundamental impact frequency. In particular the peak 
of the first doublet frequency band was found to be 
very sensitive to defect onset and growth. 
AI hough this study only dealt with ball bearings. it 
has been shown that simi lar doublet structure wi II 
occur for gears with eccentricity or shaft misal ign­
ment 14 The doublet is essentially a fundamental 
frequency (gear mesh) with sidebands at plus and 
minus shaft speed rotation. 
Modulation effects. which are easi Iy detected using 
time signal analysis. are also shown up In frequency 
spectra. A localised fault, Hhich will appear as a 
single peak in the time domain. reflected as a 
single peak in the frequency domain w th similar 
smaller harmonic components. A distributed fault on 
the 	 other hand shows ampl itude and frequency 
modulation in the time domain. The broader the 
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envelope of the fault in the time domain. the 
narrower and higher the envelop of the sidebands in 
the frequency domain. so that they wi I I more 
obviously appear as sidebands around the toothmeshing 
harmonics. Thus the additional effect of frequency 
modu I at ion is to increase the number of sidebands. 
6.4 THE CEPSTRUM AS A DIAGNOSTIC TOOL 
The Cepstrum is an effective aid for detecting the 
periodicity in a spectrum. such LIS fami I ies of 
harmonics with uniform spacing. Since it is derived 
by manipulating spectral information. the cepstrum is 
often used in conjunction with its corresponding 
spectrum when analysing vibratiol1 information. Each 
plays a complementary role. since the spectrum is 
suited to the detection of faults whi Ie the copstrum 
is more useful for fault diagnosis. Although the 
cepstrum is best su i ted for gearbox fau ltd i agnos is. 
app I i cat ions have been found for mon i tor i ng 
bearings 31 and reciprocating machines 24 However, it• 
is conceivable that it can be used for analysis of 
any type of vibration that exhibits periodicity. 
Ampl itude and frequency modulation in gears seldom 
occur separately. and to distinguish between them is 
extremely difficult based on the spectrum alone. 
These modu I at ions give rise to sidebands in the 
spectrum, and the spacing between them gives the 
fundamental modulating frequency. ,'his modulating 
frequency is usually sufficient to t'race the source. 
By establ ishing the sideband spacing. the cepstrum is 
thus capable of establ ishing the cause of the faul t. 
Thecepstrum also has a strong normal ising effect 
that is insensitive to extraneous effects that give 
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sign flcant variations in sidebands. One of these is 
signal transmission paths which can give large 
differences in spectrum shapes from one point to 
another. As pointed out in Chapter 5 the cepstrum 
separates source and path effects (transfer (unction) 
which usually dam nate the low quefrencies (high 
frequency) and are therefore wcl I separated from the 
source information. 
Another advantage is that a peak in the cepstrum 
represents the average sideband spacing based on the 
whole spectrum range. rather than the spacing between 
just two or three. This improves the accllracy of the 
diagnosis. In reference 23 a spectrum analysis of a 
truck gearbox shows a number of sidebands spaced at 
approximately 100 ms (10Hz). Initially it was 
suspected that this was the second harmonic of the 
engaged first gear rotating at 5.4 Hz. A cepstrum 
analySis shows a dominant 95.9 ms (10.4 Hz) component 
corresponding exactly to the second gear speed and 
indicating that this was the modulating source, even 
though it was dling. 
To sum uP. the cepstrum has advantages based on the 
following: 
(a) 	 Its ability to detect spectrum periodicity not 
apparent to the eye. 
(b) 	 The fact that it represents an average spaCing 
over the entire spectrum. 
(c) 	 Its lack of sensitlvi ty to extraneous effects 
not directly related to source information. 
(d) 	 Its complementary role with spectral analysiS. 
al lowing for detection and evaluat on of 




6.5 STATISTICAL PARAMETERS IN FAULT DIAGNOSIS 

Vibration signals obtained in condition monitoring 
conta i n an enormous amount of i nformat i on about the 
machines that produce them. Techniques have thus 
been devised to process the signals to highlight 
certain aspects of the total signul by manipulating 
the data contained in them. Although computers can 
be used to produce lar'ge amounts of information from 
the signals. it is preferable to produce as little 
data as possible. but at the same time accurately 
reflect machine conditions. Consequently a lot of 
work has been done to establ ish which statistical 
parameters are most sensitive to machine condition. 
thus simplifying monitoring. and allowing comparisons 
between similar machines to be made . Without going 
into too much depth. the more effective parameters 
will be outlined below. with references to papers 
where the techniques have been Lested and evaluated. 
6.5. 1 Trend Parameters 6 . 3' 
As mentioned in Chapter 6.2. r . m.s. level monitoring 
is a useful general purpose method of monitoring 
machinery . On a rms-time curve vibration severity 
can be estimated by c hecking the deviation from a 
reference level. a rat e of c hange or a maximum level 
This sort of monitoring c an be refined by 
establ ishing parameters that combine the effects of 
such changes as fo I I ows 3 
(a) 	 MFO - matched ri Iter r.m.s. based on original 
spectrum. 
( b ) 	 RDO - r. m . s. 0 f d i r r ere n c r-~ ins p e c t rum bet wee n 
ea c h successive data set and the original 
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(c) 	 MFP - matched fi Iter r.m.s. with respect to the 
previous signal. 
(d) 	 RDP - r.m.s. of difference in spectrum between 
each successive data set and the previous. 
In reference 6 it is shown that MFO and RDP give 
consistently good detection of fai lure. Of the two. 
MFO showed 	 distinct increases in s lope at the point 
of failure 	 in bearings followed by levelling off as 
damage 	 progressed. 
6.5.2 	 Probability Functions'~·34-36 
The ampl itude character i stics or a vibration signal 
can be expressed in terms of an instantaneous 
probabi I ity density function p(x) . This is estimated 
by determining the duration a signal remains in a set 
of amplitude windows. For a stationary random 
process a logarithmic probabi I ity scale enhances 
changes at low probability and the density function 
is an inverted parabo I a. i nd i cat i ng a Gauss i an 
distribution . Any nonlinearity in the signal causes 
a symmetry of the curve. With increasing time and 
damage the tai I of the distribution curve broadens. 
and the peak becomes "spiky". This characteristic 
can be enhanced by taking the prob a bi I ity density 
curve to give the probabi I ity of exceedence . This 
provides information on the probability or the signal 
exceeding any particular ampl itude, and can thus be 
used to detect peaks in a signal. 
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3 •• 3 56.5 3 
A series of statistical moments can be used to 
indicate the shape of the probabi I ity density 
distribution and these are defined by the general 
integral: 
x" p(x) dx n 1. 2 ... m 
The first and second of these are wei I known; n ~ 1 
gives the mean level and n = 2 the mean square. Odd 
moments relate information about the position of the 
peak density relative to the median value. For a 
symmetrical distribution they should be close to 
zero. Even moments indicate the spread in 
distribution. Moments can be normal ised by removing 
the mean and dividing by the standard deviation 
raised to the order of the mome t. The third central 
moment (n = 3) is defIned as skewness, while the 
fourth moment (n = 4) is defined as kurtosis. 
Kurtosis represents a compromise measure between 
insensitive lower moments and over-sensitive higher 
moments. For an undamaged bearing it remains close 
to 3. Impending fai lure is usually lndicated for 
kurtosis values over 5 but it may vary between 
machines. Reference 35 shows that instead of 
determining overal I levels, kurtosis observed over 
selected frequency bands yields more information, and 
that with increased damage kurtosis increases in the 
higher frequency bands. 
In reference 34 it was found that a consistent 
parameter for detecting impulsiveness is lhe product 
of r.m.s. and kurtosis levels since they are 
sensitive to overload and impulsiveness respectively. 
Since impulsive vibra ions can be observed on 
bear i ngs suffer i ng from fat i gUB and spa J I j ng damage. 
this method is often used. 
68 

A I though an u It i mate time to fa i I uro cannoL be 
accurately predicted with kurtosis. it has been used 
to good effect In numerous case and has severa 
d I st i nct advantages5. 15. 19.? 2. 2 5. J 7 
i nsens It i ve to load and speed 
predicts the sever! ty and extend of damage 
- appl icable to most types of machinery 
- no previous history required. 
6.5.4 
Two other methods that have been used to good effect 
for monitoring bearings are: 
(a) 	 Crest Factor Analysis 
The ratio of peak level and r.m.s. level has 
been found partially insensitive to bearing load 
and speed. Since impulsive signals exhibit 
large peaks. this method is advantageous. 
especially since minimal recourse t previous 
history is require 34 
(b) 	 Shock Pulse Monitoring 
A system using a high frequency response piezo­
electric accelerometer to sense the compression 
wave created by impacts on the bearing has been 
developed in Sweden and marketed as an SPM 
mete The init al esponse of the 
accelerometer is directly proportional to the 
impact velocity and thus indicates bearing 
condition. l\Jormal shock values relating to 
shaft speed and diameter are calculated. a d 
then used as a bench mark to compare al I 




This chapter outlines some of the methods used for 
fault diagnosis in v bratlng ma hinery. Some of the 
methods are more effect ve than other but they al I 
have some value since different machine faults are 
highlighted in different ways. Although most of the 
techniques in use today have been discussed. these 
are by no means all the ones avai lable. 
Vibration monitoring in preventive maintenance is a 
relatively new field and new methods are ontlnllally 
being devised and evaluated. In order to go about 
implementing vibrat on analysis In preventive 
maintenance. it is necessary to approach the task in 
a systematic way. It wi II usually take a fet'! years 
of learning time while experience is g ined and the 
correct m thods are selected A knowledge of the 
machine and their operation is essential. Often it 
will require two or more diagnostic techniques to 
cover all types of failure on a particular machine. 
Selection of equipment must be done with care to make 
efficient use of it since it is expensive. The 
increasing use of computers is a promising line of 
deve I opment. enab ling mu 1tip I e sources to be used for 
data input and interpretation. 
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7. SETTING UP FOR CONDITION MONITORING 

7. I SELECTING THE METHOD OF MONITORING 
Selecting the method of monitoring plant and 
equipment is not an easy task . Usually more than one 
condition monitoring method can be used for each 
mach i ne or component. For exarnp I e ro I I er bear i ngs 
can be monitored by magnetic plug detectors. 
temperature measurement or vibration analysis. 
Vi brat ion rnon i tor i ng is pas s i b I y the best of these 
methods. since it is applicable to all moving 
machinery and there are numerous methods avai lable 
for detecting diffel-ent types of fault in different 
kinds of machinery . Since Lhe setting up procedures 
for vibration analysis are the same as for other 
condition monitoring procedures. this chapter refers 
to condition monitoring in general. 
Particularly critical machines might warrant multiple 
or special techniques to prevent major disruptions 
and enable comparative guidance for important shut­
down decisions. The final judgement on which 
machines to monitor and by which method. is left up 
to the senior engineer concerned to choose. Help 
could be obtained from a consulting company which 
would advise on Lhe best method(s) to use and how to 
go about implementing them. Alternat i vely contractors 
could be employed to do the monitoring. providing 
condition monitoring services and el iminating the 
need for expensive equipment. Organisations of this 
kind can gain extensive experienc e in many different 
fields. This is a viable alternative for small 
companies. but in larger companies it is often 





It Is essential when select ng rna hines for condition 
monitoring to obtain a flow diagram for the 
production process. This will illustrate which 
machines are critical to maintain production. These 
are usually ones which: 
- are incant i nuous operat i on 
- are Involved in sin g Ie stream pror:ess 
- have minimal stand by capacity 
- have a histo y of pr'oblems 
have minimum product storage capacity 
Important factors in machine selection which must be 
taken into account are the risk of consequential 
damage or hazards to personnel. Once the machines 
for monitoring have been seler:ted. it is then 
necessary to decide what critical fai lures are likely 
to occur and match these to suitable monitoring 
methods on a cost effective basis. 
Fai lures originate in particular components, and so 
the monitoring method must be matched to the 
components to achieve maximum sensitivity. An 
effectiv technique for determining a priority rating 
for components is to rate them from 5 in terms of 
fai lure as 
(a) I ikel ihood 
(b) consequence 
(c) repair time 
By multiplying the figures together a priority rating 
of between 1 and 125 is obtained. 
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7.3. INTRODUCING CONDITION MONITORING 
Moving to condition based maintenance from routine 
prevent i ve ma i ntenance usua II y takes about two to 
three years. This is largely due to the time 
required for making the correct interpretation of 
measurements. and to learn to analyse the data 
correctly. 
A convenient way of inLroducing condition moni toring 
is to purchase simple measuring In s Lruments and use 
them to take readings on the plant just before 
regular maintenance shut-down. By inspecting for 
damage. exper i ence can be ga i ned link i ng cond it i on 
characteristics to faults or damage. 
The per sonne I who are to hand I e the cond it i on 
monitoring program have to be educated and trained. 
It is preferab I e that they are a I ready emp I oyed in 
plant maintenance. allowing previous experience to 
help in diagnosing faults and irregularities. 
Experience has shown that by identifying themselves 
with a project. personnel be c ome motivated to obtain 
positive results. Tasks are usually divided. One or 
more persons perform the actual vibration measure­
ments by fol lowing standard procedures. after which a 
technician or engineer evaluates the results to 
detect faults. If fewer than 50 monitoring pOints 
are analysed per month. the engineer can perform the 
whole operation himself. As the numb e r of monitoring 
points increases, automatic computer-based spectrum 
analysi s systems become attractive. Several users 
could share such a s y s t e m 0 r it could beu til i sed by 
several plants in the same orgallisation. 
Measuring points must be selected to yield useful 
measurements. Nat i ona I or I nternat i ona I standards 
can sometimes offer addi tiollai gUidance. Measurement 




attachment of the transducers by clearing surfaces 
and providing attachment studs for permanent fixing 
points. 
The average operating time between failure for a 
machine dictates the periodic measurement intervals. 
At least six measur ments should be planned for this 
period to give a reasonable predictive abi I ity. For 
new machines where guidance is not avai lable from the 
manufacturer. fairly frequent monitoring should be 
performed unti I experience is gained. 
An essential feature of condition monitor ng, 
whatever the technique. is the accumulation of data 
and record keeping. Various Instrument setting 
should be standardised for each machine. Since 
measurements wi J I only reveal trends if they are made 
under the same conditions. DBtaiis of the dynamic 
characteristics I ike shaft speeds, numbers and 
dimensions of bearings and gearbox data must be 
recorded on a m ster card for each machine. This 
enables a diagnostic reference di gram to be drawn up 
so that various frequency components can be related 
to specif c machine parts. 
Where the trends in a monitored parameter are used to 
indicat plant condition it is useful to plot the 
data directly onto graphs since the mind can absorb 
visual data more effectively than written data. This 
also reduces the paperwork required. Unfortunately 
there Is considerable redundancy in measurements in 
the early stages of a mon taring programme. After 
experience has been gained. the engineer wi I I be able 





Where monitoring methods produce single-figure 
resu Its i nd i cat i ng mach I ne cond it I on, a successfu I 
techn i qu for eva I uat i ng cand i Lion I s to man I tor 
trends in parameter levels. Such condition curves 
often take the bath tub shape of f i lure probabl I ity 
curves - initially the monitored parameter decreases 
during run-In. maintains a teady level during normal 
I I fe and then increases exponent I a II y towards 
ultimate failure (fig. 2.I.A). Once the condition 
curve starts to Increase. the graph can be 
exponentially extrapolated to estimate the lead time 
to failure by setting limiting conditions on the 
parameter. At this stage th periud between 
measurements must be reduced to keep a close watch on 
the component. Th measurements wi I I also need to be 
analysed to ascertain which component is the cause of 
the deterioration i.e. the Irregularity must be 
diagnosed as soon as poss i b Ie. Such a mon i tor ng 
system proves ideal for the appl ication of a personal 
computer to manipulate the data. 
A computer can greatly slmpl iry data handl ing and 
storage in a condition mon toring program. The data 
could either be typed in manual I or read in via an 
interface. Software has been developed for 
comparison purposes and trend extrapolating to 
determine the estim Led lead time to failure. 
Computers are part i cu I at' I y su i Led to v i brat ion 
analysis due to the many functions they ~an perform. 
Perhaps the most important is the Fast ourier 
Transform (FFT), which is an efficient way of 
calculating the fourier transform of a time series 
i.e. a computer algorithm for calculating discreet 
Fourier transforms from digitised time s gnals. The 











time domain averaging 





data handl ing 

As experience is gaine and bonorl ts becom apparent. 
the condition monitoring programme wi I I gain 
credibi I ity amongst personnel and management. and the 
programme can be expanded to suit indiVidual 
requirements and achieve even better results as more 





By outlin ng the role of condition monitoring. and 
more specifically vibrat on anaiys s. in predictive 
maintenance this thesIs emph sizes the growing 
importance of these t chniqucs for the efficient 
running of production plant The use of vibration 
analysis in machine health monitoring is shown to be 
an effective diagnostic tool if handled correctly. 
Since no I iterature that i I lu trates the use of 
modern diagnostic technlqu s in preventive 
maintenance has been found. this dissertation is 
intended to bridge that gap. It explains what 
vibration analysis entails and ho t can be used to 
detect nd diagnose many different types of fault in 
vibrating machinery. 
A br i ef ment ion is made of the approach to 
introducing condition monitoring to existing 
maintenance programs. This is in itself a large and 
involved topic. and It Is suggested that Further work 
be carried out In this f eld. 
To sum up, condition monitoring programs. and more 
specifically vibration analysis can be justified in 
terms of the 1'0 I low ng: 
1 . Increased plant safety 
2. Reduced maintenance costs 
3. Extended machinery I ire 
4. Improved machine avai I a b j I ity 
5. Improved product qual ity 
6. Lower insurance costs 
7. Increa ed profitabi I ity 
OF the three main types of condition monitoring 
methods available. Vibration monitoring is the most 
versatile and is essential for an effective 
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predictive maintenance programme. With the 
increasing threat of sanctions against South Africa 
predictive maintenance s destined to play an ever 
increasing role in efficient maintenance management 
in cal Industry. 
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